While the role of the ascending dopaminergic system in brain function and dysfunction has been a subject of extensive research, the role of the descending dopaminergic system in spinal cord function and dysfunction is just beginning to be understood. Adenosine plays a key role in the inhibitory control of the ascending dopaminergic system, largely dependent on functional complexes of specific subtypes of adenosine and dopamine receptors. Combining a selective destabilizing peptide strategy with a proximity ligation assay and patch-clamp electrophysiology in slices from male mouse lumbar spinal cord, the present study demonstrates the existence of adenosine A 1 -dopamine D 1 receptor heteromers in the spinal motoneuron by which adenosine tonically inhibits D 1 receptor-mediated signaling. A 1 -D 1 receptor heteromers play a significant control of the motoneuron excitability, represent main targets for the excitatory effects of caffeine in the spinal cord and can constitute new targets for the pharmacological therapy after spinal cord injury, motor aging-associated disorders and restless legs syndrome.
Introduction
Adenosine is a ubiquitous neuromodulator in the central nervous system (CNS), which is involved in numerous functions. More general functions include the regulation of arousal and its role in neuroprotection. Thus, adenosine is one of the main endogenous homeostatic sleepiness-promoting substances [1, 2] , and it is intensively released following a cellular insult, acting as an endogenous distress signal that modulates tissue damage and repair [3] . Still general but circuit specific, adenosine plays a very significant role in the modulation of dopaminergic transmission, with implications for psychomotor activity and reinforcement [4] . Adenosine functions depend on its ability to activate specific G protein-coupled receptors (GPCRs), which include the Gs protein-coupled adenosine A 2A and A 2B receptors (A2AR and A2BR) and the Gi protein-coupled adenosine A 1 and A 3 receptors (A1R and A3R) [5] .
The modulatory role of adenosine on dopaminergic transmission depends largely on the existence of antagonistic effects mediated by specific subtypes of adenosine and dopamine receptors, the so-called A2AR-dopamine D 2 receptor (D2R) and A1R-dopamine D 1 receptor (D1R) interactions [6] . These interactions are respectively segregated in the two main populations of striatal neurons, the GABAergic striatopallidal and the GABA striatonigral efferent neurons [6] . Apart from the endogenous neurotransmitters, these specific adenosine-dopamine receptor interactions are involved in the central effects of caffeine, a non-selective A1R-A2AR competitive antagonist and the most consumed psychoactive drug in the world [4, 7] . The psychostimulant effects of caffeine depend therefore on its ability to counteract the tonic inhibitory effect of endogenous adenosine on central dopaminergic neurotransmission. It is now well established that A2AR-D2R interactions depend on their ability to form functional heteromers with a heterotetrameric structure composed of A2AR and D2R homodimers functionally coupled to their respective cognate Gs and Gi proteins, and that these heteromers constitute a major population of A2AR and D2R in the striatum [8, 9] . On the other hand, heteromerization of the Gi-coupled A1R with the Gs-coupled D1R has not been unequivocally demonstrated, although behavioral, functional, and biochemical antagonistic interactions between A1R and D1R ligands have extensively been reported in several artificial cell systems and in the experimental animal [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] . Nevertheless, A1R-D1R heteromers cannot yet be included in the so far short list of GPCR heteromers that fulfill the criteria for their identification in native tissues [30, 31] .
We have recently found a significant antagonistic interaction between A1R and D1R ligands in the mouse spinal cord that mediates the ability of caffeine to enhance locomotorrelated activity by acting on spinal circuits [32] , although the molecular mechanisms and cellular localization remained to be determined. In the present study, first, A1R-D1R heteromerization is clearly demonstrated in mammalian transfected cells using new biophysical techniques and the proximity ligation assay. Then, using synthetic peptides with the amino acid sequence of specific transmembrane domains (TMs) of the D1R, we demonstrate that the antagonistic interaction between A1R and D1R ligands depends on A1R-D1R heteromerization. Finally, we specifically identify the presence of A1R-D1R heteromers in spinal motoneurons, where they mediate the modulatory control by adenosine and dopamine and the strong spinal pharmacological effects of caffeine and selective A1R antagonists.
Materials and Methods

Expression Vectors and Fusion Proteins
Sequences encoding amino acid residues 1-155 and 156-238 of yellow fluorescence protein (YFP) Venus protein were subcloned in pcDNA3.1 vector to obtain YFP Venus hemitruncated proteins. The cDNAs for A1R, D1R, CB1R, or serotonin 5HT2AR and 5HT2BR, cloned into pcDNA3.1, were amplified without their stop codons using sense and antisense primers harboring: EcoRI and BamHI sites to clone 5HT2BR and D1R, EcoRI and XhoI to clone 5HT2AR, or EcoRI and KpnI to clone A1R and CB1R. The amplified fragments were subcloned to be in-frame with restriction sites of pRLuc-N1 (PerkinElmer, Wellesley, MA) or pEYFP-N1 (enhanced yellow variant of GFP; Clontech, Heidelberg, Germany) vectors to provide plasmids that express proteins fused to Renilla luciferase (Rluc) or YFP on the C-terminal end (A1R-Rluc, D1R-YFP, or 5HT2BR-YFP). For bimolecular fluorescence complementation assay (BiFC) experiments, the cDNA for A1R, D1R, CB1R, and 5HT2AR were also subcloned into pcDNA3.1-nVenus or pcDNA3.1-cVenus to provide a plasmid that expresses the receptor fused to the hemitruncated nterminal moiety of YFP Venus (nYFP) or hemitruncated cterminal moiety of YFP Venus (cYFP) on the C-terminal end of the receptor (A1R-nVenus, D1R-cVenus, CB1R-nVenus, 5HT2AR-cVenus).
HIV TAT-Fused TM Peptides
Peptides, with the amino acid sequence of TMs of the D1R were used as heteromer-destabilizing agents [9, [33] [34] [35] . To allow intracellular delivery, a peptide can be fused to the cell-penetrating HIV transactivator of transcription (TAT) peptide (YGRKKRRQRRR) [36] . HIV TAT fused to a TM GPCR peptide can be inserted effectively into the plasma membrane as a result of both the penetration capacity of the TAT peptide and the hydrophobic property of the TM peptide [33] . To obtain the right orientation of the membrane-inserted peptide, HIV TAT peptide was fused to the C terminus of peptides with the amino acid sequence of TM5 and TM7 of D1R (TM5 and TM7 peptides, respectively). All peptides were synthesized by Genemed Synthesis, Inc. Their sequences were as follows:
TM5, TYAISSSLISFYIPVAIMIVTYTSIYYGRKK RRQRRR; TM7, FDVFVWFGWANSSLNPIIYAFNADFYGRKK RRQRRR.
Cell Cultures and Transient Transfection
Human embryonic kidney 293T (HEK-293T) cells obtained from ATCC were grown in Dulbecco's modified Eagle's medium (DMEM; Gibco) supplemented with 2 mM L-glutamine, 100 μg/ml sodium pyruvate, 100 U/ml penicillin/ streptomycin, MEM non-essential amino acid solution (1/ 100), and 5% (v/v) heat-inactivated fetal bovine serum (FBS) (all supplements were from Invitrogen, Paisley, Scotland, UK). Mouse fibroblast Ltk − cell lines stably transfected with human D1R cDNA (D1R cells) or with both human D1R and human A1R cDNAs (A1R-D1R cells) were previously obtained and characterized [12] . A1R-D1R cells were cultured in Dulbecco's minimal essential medium with 4.5 mg/ml glucose and 0.11 mg/ml sodium pyruvate supplemented with 10% fetal calf serum, 2 mM glutamine, 100 units/ml penicillin, 100 units/ml streptomycin, 200 mg/ml G418, and 300 mg/ml hygromycin. D1R cells were cultured as described for A1R-D1R cells but without hygromycin. All cells were maintained at 37°C in an atmosphere of 5% CO 2 . For transient transfection, HEK-293T cells growing in 6-well dishes were transfected with the corresponding fusion protein cDNA by the PEI (PolyEthylenImine, Sigma, Steinheim, Germany) method. Cells were incubated (4 h) with the corresponding cDNA together with PEI (5.47 mM in nitrogen residues) and 150 mM NaCl in a serum-starved medium. After 4 h, the medium was changed to a fresh complete culture medium. 
Spinal Cord Dissection
Experiments were performed using spinal cords of 0-to 11-day-old (P0-P11) CD1 mice (Charles River laboratories Twebty-micrometer-thick slices were cut coronally on a freezing cryostat (Leica Jung CM-3000) and mounted on slide glass. Samples were thawed at 4°C, washed in TBS, permeabilized with TBS containing 0.01% Triton X-100 for 10 min, and successively washed with TBS. In all cases, putative heteromers were detected using the Duolink II in situ PLA detection Kit (OLink; Bioscience, Uppsala, Sweden) following the instructions of the supplier. To detect A1R-D1R heteromers, a mixture of equal amounts of rabbit anti-A1R antibody (1:200 AB3460, Abcam, Billerica, MA, USA,) and guinea pig anti-D1R antibody (1:200 D1R-GP-Af500, Frontier Institute) were used and incubated with a PLA probe anti-rabbit plus and a PLA probe anti-guinea pig minus. Cells and slices were processed for ligation and amplification with a Detection Reagent Red and were mounted using a DAPIcontaining mounting medium. The samples were observed in a Leica SP2 confocal microscope (Leica Microsystems, Mannheim, Germany) equipped with an apochromatic × 63 oil-immersion objective (N.A. 1.4) and a 405-and 561-nm laser line. For each field, a stack of two channels (one per staining) and 9 to 15 Z stacks with a step size of 1 μm were acquired. Images were opened and processed with ImageJ confocal. Quantification of the ratio between the number of red spots and the number of cells containing spots (r), and the percentage of cells containing one or more red spots versus total cells (blue nucleus) was performed in both cell preparations and spinal cord slices. A total of 200-350 cells from five to eight different fields were counted for cell preparations, and a total of 1500-3000 cells from five to ten different fields from three different animals were counted for the spinal cord slices. The ImageJ confocal program using the Fiji package (http:// pacific.mpi-cbg.de/) was used. Nuclei and red spots were counted on the maximum projections of each image stack. After getting the projection, each channel was processed individually. The blue nuclei and red dots were segmented by filtering with a median filter, subtracting the background, enhancing the contrast with the contrast-limited adaptive histogram equalization (CLAHE) plug-in, and finally applying a threshold to obtain the binary image and the regions of interest (ROIs) around each nucleus.
Immunohistochemistry
Spinal cords were dissected, fixed for 1 h with 4% paraformaldehyde (PFA), and cryopreserved in a 30% sucrose solution for 48 h at 4°C. The lumbar sections of the spinal cord were embedded in low-melting agarose gel, and 300-μm thick of floating sections were made with a vibrating microtome (Leica Microsystems). After washing with 1× PBS, sections were blocked with 20% normal donkey serum (NDS) and 1% bovine serum albumin (BSA) in 1× PBS for 1 h and then incubated with the following primary antibodies overnight at 4°C: rabbit-anti-A1R (1:300; Abcam) and goat-anti-D1R (1:100; Frontier Institute, Japan). After washing with 1× PBS, the sections were incubated with corresponding secondary antibodies: Alexa Fluor 488-conjugated donkey anti-rabbit (1:500; Invitrogen) and rhodamine-conjugated rabbit anti-goat (1:1000; Invitrogen) for 2 h at room temperature. For nuclear labeling, slices were incubated with Hoechst (1:10,000; Invitrogen) for 20 min. Images were acquired using a confocal microscope (Nikon A1R + ). Patch-clamp electrode resistance and contents were different for whole cell recording (WCR) and perforated patch recording (PPR). The spinal neurons were visualized using a ×60 water immersion objective (Nikon) with differential interference contrast (DIC) optics (Nikon). Drugs were added at a 2-to 3-ml/min perfusion rate.
Slice Preparation for Path-Clamp Electrophysiology
Patch-Clamp Electrophysiology
The intracellular solution for WCR contained (mM) the following: 138 K-gluconate, 10 HEPES, 5 ATP-Mg, 0.3 GTP-Li, and 0.0001 CaCl 2 . The intracellular solution for PPRs contained (mM) the following: 138 K-gluconate, 10 HEPES, 10 KCl, and 2 MgCl 2 . Both intracellular solutions were adjusted with KOH at pH 7.4. To block most synaptic input, neurons were isolated from rapid synaptic inputs with a combination of DL-2-amino-5-phosphonopentanoic acid (AP-5; 10 μM; Tocris) and CNQX disodium salt hydrate (10 μM; Tocris) to block glutamatergic synapses, picrotoxin (10 μM; Tocris) to block GABAergic synapses, and strychnine (10 μM; Sigma) to block glycinergic synapses. Spontaneous excitatory postsynaptic potentials (EPSPs) and/or inhibitory postsynaptic potentials (IPSPs) disappeared within 2 to 3 min after addition of the blocking solution. WCR and PPR were made with thick-walled, unfilamented borosilicate glass (1.5-mm outer diameter, 1.0-mm inner diameter; PG52151-4, WPI) on a vertical puller (PC-10; Narishige), with a resistance of 6-7 MΩ for WCR and 3-5 MΩ for PPR. For PPR, the tip of the pipette was first filled with PPR intracellular solution by placing the pipette tip side down into a 1.5-ml Eppendorf cap filled with~1 ml intracellular solution and applying 5 to 7 ml of negative pressure with a 10-ml syringe for 1 s. The pipette was then backfilled with a combination of PPR intracellular solution, amphotericin B (Sigma), and Pluronic F-127 (Sigma). To prepare the solution, 1.2-mg amphotericin B was dissolved in 20 μl DMSO (Sigma) and added to 1 mg Pluronic F-127 dissolved in 40 μl DMSO. The 60-μl amphotericin B-Pluronic F-127-DMSO mix was added and vortexed in 1 ml intracellular solution. The ionophore mix was stored at room temperature and replaced every hour as needed.
For WCR, cells were approached with application of positive air pressure (80-100 mmHg), whereas for PPR the cells were approached with a low application of positive air pressure (10-20 mmHg) to the patch pipette to reach cells up to several layers below the surface but to avoid forcing the ionophore mix to the tip, which would impede seal formation. Close to the clearly visible membrane, the positive pressure was converted to a slight suction to obtain a gigaOhm seal (1-1.5 GΩ). The intact membrane patch in the pipette was observed and the patch properties where compare during the experiment to confirm the stability of the perforated patch configuration. All current-clamp recordings were made with a MultiClamp 700B amplifier (Molecular Devices) controlled by Clampex (pCLAMP 9.0; Molecular Devices). Data were sampled at 10 kHz and low-pass filtered at 2 kHz. The voltage threshold for action potential (AP) generation was measured as the peak of the second derivative of voltage with time during the rising phase of the AP. To measure the membrane rheobase, all neurons were held below threshold at − 60 to − 70 mV with a bias current. The minimal amount of current necessary for spike generation was defined as the rheobase. APs with peak amplitude above 0 mV were included in the analysis. To determine the F-I plot, 1-s current injections of increasing amplitude were delivered, and the average spike frequency during a step was determined by counting the number of spikes during the each 1-s step and plotted against the injected current amplitude. The first 1-s step was always determined by the amount of current that would produce three APs, and the second 1-s step was determined by the amount of current that would produce at least one additional AP. The increment between the first and second steps would then be applied in the subsequent steps. The voltage threshold for AP generation was measured as the peak of the second derivative of voltage with time at the beginning of the action potential. Spike after hyperpolarization (AHP) amplitude was measured from the AP threshold to the minimal voltage after the action potential. Data analysis was performed with Spike2 (Cambridge Electronic Design, Cambridge, UK), CorelDraw (Softonic), Sigma Plot (Systat Software), and Excel (Microsoft, Seattle, WA). Data are given as mean ± SEM. The firing frequency was determined by a custom-made program in Spike (courtesy of Dr. Thomas Cleland, Cornell University) defined as the time (s) between each AP at each depolarizing current step, which was then converted to a frequency (1/s = Hz) and plotted against the injected current.
The following compounds were used: dopamine (Sigma), caffeine (Sigma), the A1R antagonist 1,3-dipropyl-8-cyclopentylxanthine (DPCPX; Tocris), the A1R agonist 2-chloro-N 6 -cyclopentyladenosine (CPA; Tocris), and the D1R agonist SKF81297 hydrobromide (Tocris). TAT-fused TM peptides TM5 and TM7 (4 μM) were applied to the perfusion (2-3 ml/min rate) after the patch was made and before starting drug perfusion. Caffeine was prepared everyday (store at 4°C) in de-ionized ultrapure water and later dissolved in normal ACSF whereas the adenosine and dopamine receptor agonists and antagonists were prepared as stock solutions (stored at − 20°C) in dimethyl sulphoxide (DMSO) or de-ionized ultrapure water (depending on solubility) and later diluted in the working normal-ACSF solution.
Statistical Analyses
Quantitative data were expressed as the mean ± SEM. No statistical methods were used to predetermine sample sizes, but sample sizes are comparable with those reported in previous publications [8, 9, 37, 38] . Statistical analyses were performed using Sigma Plot and Past3 and GraphPad Prism software. Differences among more than two groups of results were analyzed by one-way or repeated measures ANOVA (followed by Dunnett's or Bonferroni's comparisons). Differences between experimental group pairs were analyzed with paired or non-paired t test.
Results
Identification of A1R-D1R Heteromers in Transiently Transfected HEK-293T Cells
BRET and BiFC techniques were first used to demonstrate A1R-D1R heteromerization in vitro. In both techniques, two biosensors that can only interact when they are in very close proximity are separately fused to the two putatively interacting receptors. In BRET (Fig. 1a) , a bioluminescence donor (such as Rluc) transfers energy to a fluorescence acceptor molecule (such as YFP). Saturable BRET curves were obtained in several preparations of HEK-293T cells transfected with a constant amount of A1R-Rluc cDNA and increasing amounts of D1R-YFP cDNA ( Fig. 1a; BRET max = 37 ± 5 mBU and BRET 50 = 2 ± 1 of YFP/Rluc ratio), suggestive of specific intermolecular interactions (Marullo and Bouvier, 2007) . In contrast, linear plots were obtained in cells transfected with a constant amount of A1R-Rluc and increasing amounts of the serotonin 5-HT 2B receptor fused to YFP (5-HT2BR; Fig. 1a) , indicative of random collisions typical of non-specific interactions [39] . Further support for the specificity of A1R-D1R heteromerization was obtained by using BiFC, where two complementary halves of YFP (Venus variant; the cYFP and the nYFP) are separately fused to the two putative interacting receptors. Fluorescence is obtained after reconstitution of functional YFP (Fig. 1b) [9, 34, 35] . Clear fluorescent values could be detected in HEK-293T cells co-transfected with A1R-nYFP and D1R-cYFP cDNAs, which were used as comparative control. Those values were significantly lower when A1R-nYFP was co-transfected with serotonin 5-HT 2A receptor (5-HT2AR)-cYFP, when D1R-cYFP was co-transfected with cannabinoid CB 1 receptor (CB1R)-nYFP or by adding a synthetic peptide with the amino acid sequence of TM5, but not TM7, of the D1R (TM5 and TM7 peptides, respectively), as analyzed by one-way ANOVA followed by Dunnett's comparisons (F(4, 24) = 35.89, p < 0.0001, Fig. 1b) .
Additional evidence of heteromer formation involving TM5 of the D1R was provided by using the PLA. This technique permits the direct detection of molecular interactions between two endogenous proteins or transfected proteins without the need of fusion proteins, allowing its use in native tissues [8, 9, 35] . A1R-D1R complexes were observed as red punctate staining in HEK-293T cells expressing A1R and D1R, but not in cells expressing CB1R and D1R, used as a negative control (Fig. 1c, top panels) . Pretreatment of cells with TM5 of D1R, but not with TM7, significantly decreased PLA staining (Fig. 1c, bottom panels) , decreasing both the percentage of stained cells (showing one or more red spots) and the mean number (r) of red spots per stained cell, as analyzed by one-way ANOVA followed by Dunnett's comparisons (F(3, 14) = 21.21, p < 0.0001, Fig. 1d ). These results demonstrate that, in fact, the A1R-D1R complexes correspond to A1R-D1R heteromers, where TM5 of D1R forms part of the heteromer interface.
Identification of Functional A1R-D1R Heteromers in Stably Transfected Ltk
− Cells
An important characteristic of a GPCR heteromer is that their functional properties are demonstrably different from those of its individual components [40] . A common consequence of GPCR heteromerization is a specific integrated signaling upon co-activation of the molecularly different protomers as compared with their separate activation [30, 31, 40] . In order to control receptor expression and to study wild-type receptors, not fused to biosensors, the biochemical properties of A1R-D1R heteromers were analyzed in a fibroblast LtK − cells stably transfected with A1R and D1R (A1R-D1R Ltk − cells) [12] . The heteromer expression was first evaluated by PLA. A1R-D1R complexes, observed as red punctate staining, were very significantly increased in A1R-D1R Ltk − cells as compared with the D1R Ltk − cell line that did not express A1R, used as negative control (Fig. 2a, top panels) . The same increase could be observed in the presence of TM7 of D1R, but not in the presence of TM5 (Fig. 2a, bottom panels) , as analyzed by one-way ANOVA followed by Dunnett's comparisons (F(3, 43) = 32.00, p < 0.0001, Fig. 2b ). These results demonstrate the presence of A1R-D1R heteromers also in A1R-D1R Ltk − cells, with TM5 of D1R forming part of the heteromer interface.
To study the functional characteristics of A1R-D1R heteromer, we determined cAMP production in A1R-D1R Ltk − cells. As expected, the D1R agonist (SKF38393;
200 nM) produced a significant cAMP accumulation, according to the Gs coupling to D1R, while the A1R agonist (R-PIA; 100 nM) significantly decreased forskolin-induced cAMP, according to the Gi coupling to A1R (Fig. 2c) ; the effects of SKF38393 and R-PIA were selectively counteracted by the respective selective antagonists SCH23390 (1 μM) and DPCPX (1 μM) (Fig. 2c) , which did not significantly modify basal cAMP or forskolin-induced cAMP on their own, and upon co-administration with both agonists, R-PIA was able to counteract SKF38393-induced adenylyl cyclase activation, as analyzed by one-way ANOVA followed by Bonferroni's comparisons (F(12, 26) = 144.1, p < 0.0001, Fig. 2c) . The effect of forskolin, and the A1R and D1R agonists, alone or in combination, were performed in the presence of either TM5 ( Fig. 2c) or TM7 (Fig. 2d) of D1R. Importantly, the only significantly difference as compared with the experiments without peptides was the inability of R-PIA to counteract SKF38393 effect in the presence of TM5, as analyzed by one-way ANOVA followed by Bonferroni's comparisons (F(7, 16) = 35.63, p < 0.0001, Fig. 2d ; F(7, 16) = 40.25, p < 0.0001, Fig. 2e) . These results therefore demonstrate that the ability of A1R activation to counteract D1R agonist-mediated adenylyl cyclase activation depends on A1R-D1R heteromerization, as recently demonstrated for the A2AR-D2R heteromer [35] .
Identification of A1R-D1R Heteromers in Mouse Spinal Motoneurons
We then investigated the possible existence of A1R-D1R heteromers in the mouse spinal cord, which could mediate our recently described A1R-D1R interactions involved in the ability of caffeine to enhance spinally generated locomotor activity [32] . In order to identify the cellular location of these potential receptor heteromers in the spinal cord, we performed immunohistochemical experiments using antibodies directed toward A1R and D1R in postnatal 0-5 (P0-P5) mouse lumbar spinal cord slices, localization of the network controlling hindlimb locomotion [41] [42] [43] [44] [45] [46] . A rhodamine-labeled secondary antibody directed toward D1R antibody revealed positive staining (red fluorescence) throughout the central, medial, and lateral ventral regions of the lumbar spinal cord (Fig. 3a, b , middle panels). The same slices were also processed for A1R immunohistochemistry with an Alexa Fluor 488-labeled secondary antibody. Positive A1R staining (green fluorescence) was principally located within the ventrallateral region (Rexed lamina IX) of the lumbar spinal cord within the motoneurons, which were identified by cell size and location (Fig. 3a, b, left panels) . Overlay of the A1R and D1R immunostaining confirmed that co-labeling of both receptors was mainly found within lumbar motoneurons [47, 48] , which were visually identified by their location, size and clustering (Fig. 3a, b, right panels) . These results suggested that A1R-D1R heteromers could be localized in lumbar motoneurons.
The expression of A1R-D1R heteromers in lumbar spinal cord was then demonstrated by PLA in slices from mouse spinal cord (lumbar region) from P4, P6, and P11. A1R-D1R complexes were detected as red spots and were quantified as percentage of cells showing one or more red spots and as the mean number of red spots per stained cell in lamina IX (motoneurons) and laminae VIII and X (interneurons) (Fig. 4a, b) . Irrespective of the postnatal period, A1R-D1R complexes were significantly increased in cells from lamina IX, corresponding to motoneurons, as compared with cells from laminae VIII and X (Fig. 4a, b) , as analyzed by oneway ANOVA followed by Dunnett's comparisons (F(9, 82) = 64.84, p < 0.0001, Fig. 4b) . Importantly, pretreatment of the spinal cord slices with the TM5 peptide of D1R involved in the A1R-D1R heteromer interface (see above), but not with TM7, significantly decreased PLA staining (Fig. 4c) , decreasing both the percentage of stained cells and the mean number of red spots per stained cell, as analyzed by one-way ANOVA followed by Dunnett's comparisons (F(2, 24) = 16.50, p < 0.0001, Fig. 4d) . These results demonstrated the existence of A1R-D1R heteromers in the mouse spinal motoneurons.
Functional Properties of A1R-D1R Heteromers in Mouse Spinal Motoneurons
After establishing the anatomical localization of A1R-D1R heteromers in the spinal motoneuron, we investigated their functional and pharmacological significance by intracellular electrophysiological recordings using WCR and PPR. Caffeine (50 μM) did not show significant excitatory effects when applied alone (data not shown), but it significantly increased excitability of the spinal motoneuron when co-applied Hoechst staining allows identification of cell nuclei (blue channel). In (b), higher magnification of the framed area in (a), showing the colocalization of A1R and D1R in lamina IX of the ventral spinal cord, where motoneurons can be identified by size and position (asterisks); vr, ventral root; scale bar = 50 μM with dopamine (3 μM), as analyzed by repeated-measure ANOVA followed by Dunnett's comparisons (F(2, 18) = 3.64, p = 0.0468, Fig. 5 (a3) ). Figure 5 (a1) shows a representative response of a motoneuron to increasing pA depolarizing steps under control, dopamine, and dopamine + caffeine conditions. We also generated F-I plots of the average spike frequency over a range of current step amplitudes; a representative example is given in Fig. 5 (a2) , where dopamine + caffeine causes a parallel upward shift in the frequency response to the current step. The quantified averaged response from 10 motoneurons is shown in Fig. 5 (a3) . The result of dopamine + caffeine was mimicked by dopamine (3 μM) + the A1R antagonist DPCPX (1 μM) (Fig. 5 (b) ). DPCPX significantly increased excitability of the spinal motoneuron when co-applied with dopamine (3 μM); repeated-measure ANOVA followed by Dunnett's comparisons (F(2, 6) = 21.85, p = 0.0018, n = 4 motoneurons; Fig. 5 (b3) ). The effect of DPCPX was apparently more effective than that of caffeine, which could be related to the non-selective antagonism of caffeine, which could also block A2AR and functionally act opposite to A1R. In fact, A2AR have also been identified in spinal motoneurons, although with a low expression unless under ischemic conditions [49] . The same qualitative effects of caffeine or DPCPX on dopamine could be explained by the ability of caffeine or the A1R antagonist DPCPX to potentiate the depolarizing effects of dopamine within the A1R-D1R heteromers of the spinal motoneuron. This was demonstrated in experiments using the destabilizing peptide TM5 of D1R and TM7 as a negative control, according to our results with peptides in cultured cells and in PLA ex vivo (see above). In these experiments, we tested the effect of caffeine (50 μM) in the presence of the D1R receptor agonist SKF81297 (1 μM). The selective D1R agonist was used instead of dopamine to address in parallel the question of the selective involvement of the D1R in the effects of dopamine plus caffeine. As expected, in the presence of the non-destabilizing peptide TM7 (4 μM), SKF81297 + caffeine, but not SKF81297 alone, significantly increased neuronal excitability. The evoked spike frequency was unchanged in the presence of SKF81297 + TM7, but it was significantly increased when caffeine was applied in the presence of SKF81297 + TM7 (Fig. 5 (c1) ). The representative F-I plot shows that SKF81297 + caffeine + TM7 caused a In situ proximity ligation assays were performed using slices from mouse lumbar spinal cord from P4, P6, and P11 animals. Slices from lamina IX (motoneurons) and laminae VIII and X (interneurons) were analyzed using specific primary antibodies directed against A1R and D1R (A1R-D1R) or only against D1R as negative control (D1). Slices were treated for 4 h with vehicle (a, b and control in (c) and (d)) or with 4 μM of D1R TM5 or TM7 peptides (c, d). In (a) and (c), confocal microscopy images (superimposed sections) from (a) laminae IX and X from P11 animals in which heteromers appear as red spots in lamina IX, but not in lamina X or in negative controls, and from (c) lamina IX from P5 animals in which heteromers appear as red spots in non-peptide-treated slices (control) and treated with D1R TM7 but not in slices treated with TM5. In all cases, cell nuclei were stained with DAPI (blue). Scale bars = 20 μM. In (b) and (d), the percentage of cells showing red spots related to the total cell number determined as stained blue nuclei is given in each case as well as the ratio (r) between the number of red spots and cells showing spots (top columns). Values are mean ± SEM of n = 7-15. **p < 0.01 as compared with the negative control D1 in (b); **p < 0.01 as compared with the control non-treated with peptides in (d) (one-way ANOVA followed by Dunnett's comparisons) parallel upward shift in the frequency response to the current steps ( Fig. 5 (c2) ). The quantified averaged response from 6 motoneurons is shown in Fig. 5 (c3) (repeated-measure ANOVA followed by Dunnett's comparisons (F(2, 10) = 8.46, p < 0.0078). The effect of SKF81297 (in the presence of the inactive peptide TM7) was apparently more effective than that of dopamine, which could be related to the nonselective agonism of dopamine, which could also activate D 2 -like receptors (D2Ror D3R) and act functionally opposite to D1R. In fact, D 2 -like receptors have also been identified in spinal motoneurons [50] . On the other hand, there was a trend for the opposite effect, a decrease in the neuronal excitability, when caffeine was applied in the presence of SKF81297 + TM5 (Fig. 5 (d) ). The quantified averaged response from four motoneurons is shown in Fig. 5 (d3) . A repeated-measures ANOVA followed by Dunnett's comparisons did not show significant differences between control, SKF81297 and the SKF81297 + caffeine in the presence of TM5 of D1R (F(2, 6) = 4.54, p = 0.0628, Fig. 5 (d3) ).
The cellular specificity of these interactions was also demonstrated by parallel experiments in spinal interneurons (tested from lamina VII, VIII, or X) (Fig. S1 ). SKF81297 (1 μM) + caffeine (50 μM) co-application did not produced an increase, but a non-significant decrease in excitability as compared with the control condition. Figure S1 (A1) shows a representative response of an interneuron to increasing pA depolarizing steps under control, SKF81297 (1 μM) or SKF81297 + caffeine (50 μM) conditions. The representative F-I plot shows a trend for a parallel downward shift in the frequency response to the current steps (Fig. S1 (A2) ), but the quantified averaged response from 15 interneurons did not show significant differences between the three different conditions (repeated-measures ANOVA followed by Dunnett's comparisons (F(2,10) = 1.32, p = 0.3086, Fig. S1 (A3) ).
Discussion
The present study demonstrates that A1R-D1R heteromers play a significant role in the control of the excitability of spinal motoneurons. More specifically, we demonstrate: (1) that A1R-D1R heteromers are specifically localized in the spinal motoneurons (not in interneurons); (2) that A1R-D1R heteromers mediate the ability of adenosine to exert a tonic inhibitory modulation of dopamine-mediated increase in neuronal excitability; and (3) , that the psychostimulant effects of caffeine in spinal motoneurons depends on its ability to counteract the tonic inhibitory effect of endogenous adenosine via A1R-D1R heteromers, which extends to the spinal cord the previously established supraspinal mechanism of these psychostimulant effects. More specifically, A2AR-D2R and A1R-D1R heteromers segregated in two different striatal populations have been invoked as main targets for the central effects of caffeine. However, only striatal A2AR-D2R heteromers have been undoubtedly identified [9, 51, 52] , while A1R-D1R heteromerization remained still to be unequivocally demonstrated. The use of specific destabilizing peptides, as demonstrated by BiFC, PLA and signaling experiments in transfected cells, allowed us to demonstrate both the ability of A1R and D1R to heteromerize (with TM5 of D1R forming part of the heteromeric interface) and the dependence of A1R-D1R heteromerization for the ability of A1R activation to inhibit D1R agonist-induced adenylyl cyclase activation. We also recently demonstrated a dependence of A2AR-D2R heteromerization for the ability of the Gi-coupled D2R to inhibit Gs-coupled A2AR-mediated adenylyl cyclase activation [35] . The present results therefore confirm that the canonical antagonistic interaction at adenylyl cyclase level, by which a Gi-coupled receptor counteracts adenylyl cyclase activation mediated by a Gs-coupled receptor, is a functional property of receptor heteromers [35] . In addition, with the use of specific destabilizing peptides we have identified A1R-D1R heteromers in the spinal motoneuron (PLA experiments) and, more importantly, we have established their pharmacological relevance to modulate neuronal excitability (patch-clamp experiments). The significant pharmacological interactions between A1R and D1R ligands that depend on A1R-D1R heteromerization observed in the present study demonstrate that a significant population of the motoneuron D1R forms heteromers with A1R.
We can now provide the neuronal correlate of our recent study on the effects of caffeine on the NMDA/serotonin/dopamine-induced fictive locomotor behavior in the neonatal mouse lumbar spinal cord [32] . In that study, caffeine or the A1R antagonist DPCPX were found to accelerate the ongoing locomotor rhythm (measured by extracellular ventral root recording), unless in the absence of dopamine or in the presence of a selective D1R antagonist or a blocker of cAMP-dependent protein kinase (PKA), demonstrating a dependence on A1R-D1R antagonistic interactions [32] . However, we did not resolve the neuronal localization of these pharmacological interactions nor w e e s t a b l i s h e d t h e i r d e p e n d e n c e o n A 1 R -D 1 R heteromerization (see Introduction). Using patch-clamp electrophysiology, applying low concentrations of dopamine or the D1R agonist SKF81297, did not show a significant increase in the intrinsic excitability of motoneurons. Based on our previous study [32] , we assumed this could be related to a tonic inhibition exerted by adenosine present in the slice preparation mediated by the A1R-D1R heteromer. In fact, caffeine, which did not produce a significant effect on its own, significantly increased the excitability of motoneurons when co-applied with dopamine or SKF81297. Also, in complete correlation with the results obtained by extracellular ventral root recording on fictive locomotor behavior in neonatal mouse lumbar spinal cord [32] , the effects of caffeine were reproduced by the A1R antagonist DPCPX. More importantly, the effect of caffeine plus SKF81297 was specifically counteracted by a TM peptide that selectively destabilized A1R-D1R heteromers both in transfected mammalian cells and in the mouse spinal motoneuron. These results therefore indicate that the ability of caffeine to stimulate locomotor activity in the mammalian spinal cord is mediated by A1R-D1R heteromers localized in the spinal motoneuron.
The monoamines serotonin, norepinephrine and dopamine are potent modulators of neuronal networks within the spinal cord, including central pattern generators responsible for locomotion [53] [54] [55] . Currently, studies into pharmacological therapy after spinal cord injury (SCI) focuses on the combination of monoaminergic drugs with electrical and physical training, such as the use of quizapine, a broad-spectrum serotonin agonist, with step training and epidural stimulation in animal models and patients [56] [57] [58] . Spinal dopaminergic neurotransmission and more specifically D1R are also being considered as potential new targets to promote recovery of locomotor function following SCI (reviewed in [55] ). It has already been established that D 1 -like receptors (D1R and D5R) and D 2 -like receptors (D2R, D3R, and D4R) are mostly segregated in the spinal cord and that they play opposite modulatory effects on spinal central pattern generator of locomotion [54, 55] . Although there are differences among species, in the mouse, D 2 -like receptors are highly expressed in laminae I-II of the dorsal horn, where they mediate inhibitory effects, although they are also expressed, with less density, in the ventral horn [50] . On the other hand, D 1 -like receptors are highly expressed in the ventral horn, in lamina IX, including the motoneurons, where they mediate excitatory effects [48, 54, 55] . In addition, adenosine has been shown to also modulate the mouse spinal locomotor network and also suppress neuronal cell death induced by ischemia in rat spinal motoneurons [32, [59] [60] [61] [62] . The present results provide a conceptual new approach, targeting the A1R-D1R heteromer. Thus, it has already been inferred that pharmacological targeting of receptor heteromers could become an important area for developing more selective drugs with reduced side effects [30] . The present results can also have implications for Parkinson's disease (PD) and other motor aging-associated disorders. Normal aging is associated with a decrease in motor function [63] and a concomitant increase in muscle stiffness and tone [64] , which we have recently suggested to depend on an aging-dependent D1R upregulation in the spinal cord with a lack of concomitant increased expression of inhibitory receptors [65] . Finally, recent preclinical evidence indicates that alterations in the adenosinergic system, and particularly downregulation of A1R, play a key pathogenetic role in Restless Legs Syndrome (RLS) [66, 67] . Depending on the spinal cord pathology, either selective A1R antagonists (SCI and aging disorders) or drugs that would produce an increase in the endogenous tone of adenosine (RLS), by acting on the A1R-D1R heteromer in the spinal cord, could indirectly modulate D1R-mediated excitability of the spinal motoneuron. Fig. 5 A1R-D1R heteromer-dependent excitatory effects of caffeine in the spinal motoneuron. WCR and PPR recordings of spinal motoneurons with application of dopamine (3 μM) or the D1R agonist SKF81297 (1 μM) and caffeine (50 μM) or the selective A1R antagonist DPCPX (1 μM). In (a), the effect of caffeine + dopamine is compared with the effect of dopamine alone and with the non-drug control conditions. In (b), the effect of DPCPX plus dopamine is compared with the non-drug control conditions. In (c) and (d), the effect of caffeine + SKF81297 is compared with the effect of SKF81297 alone and with non-drug conditions and with the application of synthetic peptides with the sequence of TM5 (c) and TM7 (d) of the D1R. a1, b1, c1, and d1 Representative responses of a motoneuron to increasing pA depolarizing steps; a2, b2, c2, and d2 F-I plots of the average spike frequency over a range of current step amplitudes; a3, b3, c3, and d3 Quantified averaged response from several motoneurons in mean ± SEM of n = 5-10. Repeatedmeasure ANOVA followed by Dunnett's comparisons or paired t test showed significant increases in spike frequency of the motoneurons treated with caffeine + dopamine (*p < 0.05), DPCPX + dopamine (***p < 0.001), and caffeine + SKF81297 in the presence of TM7 of D1R (**p < 0.01), but not TM5, as compared with control. Specific parameters (threshold, rheobase, and AP amplitude; see BMaterials and Methods^) for each group of experiments are shown as Electronic Supplementary Information
